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Chapter I

INTRODUCTION

The contents of this report constitute efforts on Task I, which is a
basic evaluation and performance analysis of the Unified S-band System. The
topics covered in this report are as follows:

1.1 Apollo USB Phase-Locked Frequency Demodulators

Because of the importance of phase-locked FM demodulators in the
USB system, they require particular attention when system performance is
discussed, especially near operating thresholds. Certain assumptions are
generally made about demodulator operation and effects on noise. This section
analyzes phase-locked demodulators thoroughly and determines the limitations
on these assumptions. The analysis is applicable to the carrier frequency
demodulator and voice subcarrier demodulator.

1.2 Acquisition Time for the Apollo Ranging Code

The acquisition time for the Apollo USB lunar length ranging code is
computed including the effect of noise on the received clock. This noise will
appear on the receiver generated code as well as the reference to the corre-
lator. Curves of acquisition time vs signal-to-noise density are plotted for
each of the three clock loop bandwidth positions.

1.3 Interference with the Carrier Phase-Locked Loop

A condition of possible carrier loop interference during simultaneous
LEM-CSM PM operation is hypothesized. The mean-square-error for varying
amounts of this interference are then calculated. The rejection required in the
receiver first IF filter and second mixer are estimated on the basis of these

interference calculations.

1
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Chapter II

DISCUSSION

2.1 Apollo USB Phase-Locked Frequency Demodulators

2.1.1 Introduction

Phase-locked loops are used as frequency demodulators in several
places in the Apollo Unified S-band System data demodulator. Typical of these
is the carrier frequency demodulator, although the 1.25 Mc voice subcarrier
demodulator has essentially the same problems to be resolved. In previous
analyses the phase-locked FM demodulators have been modeled as ideal fre-
quency discriminators, in that they have for an output the derivative of the
input phase. Also, the additive white input noise has been assumed to become
white phase noise. It is useful to know under which conditions these demodu-
lators perform according to the above assumptions, and if they depart from the
assumptions, what form the departure takes. To resolve these questions the
phase-locked demodulator will be analyzed in some detail.

The linear phase transfer model of phase-locked loop (PLL) systems is
widely used for analyzing the tracking or demodulation performance of these
systems once the signal acquisition has been accomplished. The locking behav-
ior of these systems is determined from the phase error conditions existing in
the loop when tracking a given signal phase in the presence of noise. The phase
error in reproducing the noise-free signal phase is usually called distortion or
dynamic error, while the additional phase error due to the additive input noise
is called the noise error. The latter is random in nature and is conveniently
characterized by its rms value or by a peak value derived from the rms with
the aid of an assigned peak factor, It is customary to assume that the additive

phase noise appearing as an input in the linear model has a flat power density

3
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spectrum independent of the signal phase, which results in the rms noise error
being completely specified by the input SNR defined in the loop phase noise
bandwidth established from the loop phase transfer function. We will now take
a closer look at the phase noise characterization and study the conditions that
validate the aforesaid approach.

2.1.2 PLL Phase Transfer Models

The block diagram of the PLL receiver is shown in Fig. 1. The input
consists of the angle-modulated signal plus additive, zero-mean, stationary
white noise independent of the signal. We will assume that the IF stages do not
distort the signal so that the composite IF output is the sum of a constant-

amplitude, angle-modulated signal plus narrowband noise, i.e.,
e (t) E sinfw_t ¢S(t)] V(t) sinfo_t ¢n(t)] (1)

where 4{ (t) is the signal phase information and V(t) and cbn(t) are the random

envelope and phase of the narrowband noise representation.

‘Angle-modulola

Signal +
White Noise
fingle -moduloted F-- -
' N |
StloF es | | Signal « B! LI.?:_?I | S DPhase ;-.‘-IWP
9 Narrowbond Noise L'-'_ef ] etector ilter
Angle-modulated
Signal +
Phase Distortion
+ .
Phose Noise W4 vCO V:D':emphc:(s-s r:jsspge
R-1142 L etwor oise

Fig. 1 Block Diagram of Carrier Frequency Demodulator.
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It is convenient to rewrite the IF output as a single sinusoid in order to account

for the possible presence of an (ideal) amplitude limiter preceding the PLL
system:

eif(t) = A(t) sin| wst+das(t)+tan—1 V(1) sing(t)

ES+V(t) cos z,b(t)] ()
where
'K , With a limiter (3a)
Alt) = 2 5
J[E +V(t) cosp(t)] ™ + [N(t) sinp(t)]~ without a (3b)
S limiter
and
PO = ¢ (1) - ¢ (1) (4)
At this stage it is useful to define the random variables
yc(t) = V(t) cosylt) , yq(t) = V(t) siny(t) (5)

which can be found to represent the cophasal and quadrature noise components
about the modulated signal phase, i.e.,

n(t) = yc(t) sin[wst+¢s(t)] + yq(t) cos[wst+¢s(t)] (6)

so that the PLL input of Eq. (1) becomes

_ 1 yq(t)
eif(t) = A(t) sm[mst +¢ts(t) + tan ——-—:I (7)

Es+yc(t)

5
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where

/Kg with a limiter (8a)

A(t) =

/[Es+yc(t)] 24 yz(t) without a limiter (8b)

We will now assume that the PLL system uses a phase detector whose
operation can be described as multiplying its two inputs (e. g., a sinusoidal
static characteristic such as that obtained with a diode bridge or envelope
detector circuit where the VCO output oscillations have an amplitude sufficiently
larger than that of the PLL input oscillations). If the VCO output signal is

represented by
e (t) = E_ cos[wst+¢o(t)] (9)

where ¢o(t) represents the PLL estimate of the input signal phase, then the

baseband phase detector output is given (within a proportionality factor) by

‘ -1 yq(t)
ed(t) = A(t) sin ¢S(t) - ¢O(t)+tan W (10a)
y ) y, (t)
= E(t){|}+ = ] sin §(t) + E‘:‘ cos¢(t)} (10b)
s s
where
Kl E
J——Z—z— with a limiter (11a)
E +y th™ +y (t)
Et) - [(Bgty M) +v,
ES without a limiter (11b)
6
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and
b(t) = <|>S(t) - ¢o(t) (12)

The general phase transfer models of the PLL system are then those
shown in Figs. 2 and 3 where F(p) represents the loop filter and K is the loop

. e -1
gain due to the phase detector and VCO sensitivities in sec .

f

> sin () > 1+ Y‘E(:)
¢, (1) —=(= ] . v D val th? b
s gp > ['*%J’[Y E, J
vo(t)
cos () qu

@, (1)
1

?e(t)
xf()dr F (p) 21

R-1143

Fig. 2 Nonlinear (Time-Variant) PLL Phase Transfer Model
With a Limiter.

sin( 1+ "E(s')
#,(1) *Qz FA0)| y
- +
+ cos( ) Y;(s')

—e, (1)
xf( )dt £ (o) £ ¢

R-1144

Fig. 3 Nonlinear (Time- Variant) PLL Phase Transfer Model
Without a Limiter.
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The PLL thus behaves as a nonlinear time-variant system in general. However,
under high SNR and small phase error conditions, the cophasal noise may be
neglected and the nonlinear operators may be linearized, as a first approxi-

mation. The phase detector output then becomes

[ y (7]
K, [$t) + =2 with a limiter (13a)
s [ E
L s
e t) = i )
y (t)
E _|$(t) + —2 without a limiter (13b)
S ES i

and the corresponding linear time-invariant model of the PLL is then that

shown in Fig. 4, where the equivalent phase noise input is given by

yq(t)

E
S

wn(t) = (14)

Notice that the approximations involved in deriving the linear model are

slightly different according to whether a limiter is present or not.

!
Wn(')= Ygi )

el(t)

+9
+
CM

1
K, (1)

or

xf( Jd? F (p) g%

R-1145

Fig. 4 Linear (Time-Invariant) PLL Phase Transfer Model,
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2.1.3 Analysis of the Linear Model

The linear model of Fig. 4 defines a phase transfer function at the VCO

output as

KF(s)

s+KF(s) (15)

H,(s) =
and the loop phase error in estimating the signal phase 4>S(t) is given by
d(s) = ¢S(s) - tbo(s) = [1-H,(s)] ¢>S(S) - H (s) y (s) (16)

The first term is a linear phase distortion error and the second one is a phase
error due to noise. The mean-square distortion error can be evaluated from
the power density spectrum Sd’s(w) of the signal phase ¢s(t) as

2

.00 o2 dw
Od = j |1 - Hﬂ(Jw)l S‘i)s((.u))2—7r rad

2 (17)

hal® o]
while the mean-square noise error is obtained from the power density spectrum
Sy @) of ¥ (t) as

2 > (1 2 dw
o = j IHQ(Jw)l S!Dn<w)-2—7r rad

-0

2 (18)

While the distortion error of Eq. (17) can be directly evaluated from the signal
phase spectrum S¢S(w), the evaluation of the noise error requires the study of
the equivalent phase noise input wn(t) and its relation to the additive IF noise
n(t).

The cophasal and quadrature noise components (about the modulated
signal phase) yc(t) and yq(t) of Eq. (6) can be related to the more familiar

cophasal and quadrature components about the unmodulated carrier, i.e.,

n(t) = xc(t) sinwst +xq(t) COSwSt (19)

9
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by the transformation

Y (t) = x (1) cos¢s(t) + xq(t) sm¢s(t) (20a)
yq(t) = x (t) sin ¢s(t) - xq(t) cos¢s(t) (20b)
y_(t)
Hence, the autocorrelation function of the phase noise wn(t) = E? is given by
s
R (1) =—5Ely (0y (t+7)]
by g2 9 7q
s
1 1 .
=—3 R, (N E{cos[$ () - §_(t+7)]} +—5 R__ (7)E {sin[ ¢, (0-9_(t+7)]}
ES q ES qc

(21)

where qu(-r) = RXC(T) is the autocorrelation function of xq(t) or xC(t), and
quxc(‘r) = -Rxqu(‘r) is the cross-correlation function of xq(t) and xc(t) in this
order. Moreover, by noting that the joint characteristic function of ¢S(t) and

¢s(t+'r) is defined as

3 v é )+ Vod (t+ T)]%

M¢S(t)¢s(t+r)(j"1’j"2’ 7V =E (22)
then Eq. (21) can be rewritten as
1 .
R, (1) -—_ R () Relm Gs -i» r)€
by Ei Xq 3 ¢ ()¢ _(t+7)
1
+-— R I M .: - .: (23
Ez quc(” mg ‘1»S(t>¢s(t+r)(J ) T)s )

10
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If the signal phase process bs(t) is strict sense stationary, at least of
order two, then the characteristic function of Eq. (22) will be independent of t
and so will be the autocorrelation function of Eq. (23). Thus, the process wn(t)
is wide sense stationary since E {yq(t)} = o is also satisfied, as canbe verified
from Eq. (20b). Moreover, if the IF is symmetric such that the power density
spectrum of n(t) is even about @ for w> o or if the joint characteristic function

of Eq. (21) is real (e.g., as in a gaussian process), then

R, (1)-= —é Rx (n) Re{M'b 0 (t+'r)(j’ -i, 7} (24)
s Vs

Wh
n E s q

and the power density spectrum S, () to be used in Eq. (18) is given by the
convolution of the baseband replican of the IF noise power density spectrum
with E { cos [d)s(t) - ¢s(t+'r)]} . Notice that this result is valid even if i)s(t)
does not represent the actual signal but its IF-filtered version, as long as
strict sense stationarity is maintained and 4>S(t) is independent of n(t). Also,
notice that the distortion and noise errors are not statistically independent in
general.

However, if the effective correlation time of xq(t) is small enough such
that E{ cos [$(t) - $(t+7)]} ~1, as may be expected for moderately wideband

modulation, then qu(r) maybetreated as an impulse at =0 and Eq. (24) becomes

W (T) (25)

1
R, (1)~ 2Rx (1) ~ o

Y
n ES q

oo | @

where @ is the magnitude of the input white noise density (one-sided) in watts per

cps. This approximation yields the PLL noise error from Eq.(18) inthe familiar

form
ot = 287 g ® 22 - i B rad’ (26)
n 2 J oM 27 2 S
Es o} ES

ADVANCED COMMUNICATIONS +* RESEARCH AND DEVELOPMENT
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where S =E(2:/2 is the input signal power and BE = J:IHﬁ(jw)l 2dc‘o/27r is the
equivalent lowpass phase noise bandwidth (one-sided). An alternate bandwidth
definition that incorporates a factor of 2 is the two-sided bandwidth
B = 2 j:lHl(jw)lzdw/ 27 = f_:lHI(jw)lzdw/Zw cps. We have chosen the
former definition in order to work with lowpass functions and consider the
factor of 2 as an actual increase in noise density due to folding (& — 2®) rather
than a bandwidth doubling.

A useful bound can be obtained by expanding the cosine term of Egs. (22)

and (24) in a power series and retaining the first two terms so that

1 i .
o~ - - ‘ 27
R, (N~—5 R (M {1-|Ry (o) - Ry (V] (27)
n ES q S 5
and since the receiver input noise is assumed to be white, then R,Xq('r) may be

evaluated as the inverse Fourier transform of the power density spectrum

sxq(«» - o1, ()| 2 (28)
where Itlip(s) is the lowpass replica of the IF bandpass filter. If the effective
width of qu (1) is such that R¢S(o) - Rp, (1) << 1 then we can approximate
Eq. (27) by

R (w~——R (7) (29)
U 2 "y
n E q
S
so that
® - 2
S, (W~ = |H, (jw)] (30)
b E2 £p
S
¢B
2 ¢ ™ LN n a2 dw o T eq 2
onzgjo IHI(]w)Hlp(Jw)I 3. - —g5 - rad (31)
12
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which fiefines an equivalent phase noise bandwidth Beq cps that converges to Bﬂ
when Hﬁp(s) is much wider than Hﬂ(s). The use of Eq. (31) with a narrow IF
must be qualified since qu(r) will thenbe wide and the condition R¢)S(O)_R4)S(T)<< 1
must be checked.

In summary, the evaluation of loop noise errors using Eq. (26) inherently
implies a wideband IF relative to the message bandwidth occupancy, where the
equivalent phase noise input into the loop may be assumed to be essentially
white. When this is not the case, as when a narrow IF filter is chosen with a
wider-band PLL in the carrier frequency demodulator, then this noise input is
statistically dependent on the message as shown in Eq. (27), and Eq. (26) is
meaningless. Notice that in this last case the sum of the mean-square noise
and distortion (or dynamic) errors will not be the total mean-square phase
error since these two contributions are not independent. This noise correlation

considerably complicates an accurate USB FM demodulator analysis.

2.1.4 The PLL Demodulator

We will now consider the case where the VCO input signal is lowpass
filtered outside the loop. The effective transfer function relating this output

with the PLL phase input is given, within a proportionality factor, by

H(s) = s Hﬁ(s) ng(s) (32)

where ng(s) is the output lowpass filter. It we assume the signal phase to be
a sinusoid, i.e., d>s(t) = 6 sin wmt, then the aforesaid output signal will repre-
sent the frequency modulation d)s(t) as long as Hﬂ(‘]wm)Hﬂp (me) = 1.

In turn, the corresponding output noise has a mean- square value given

by
n2w = [ W G0 H, a?s, (@
o B o A 2p e Sl»’f'n o (332)
@ 2 . .12 dw
~S‘Jow |H£(Jw) Hlp(‘]w)l oy (33b)
13
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where the last expression corresponds to the case where Eq. (25) holds, i. e. ,
Itllp(w) is much wider than H! ). If this condition is not met, then Eq. (30) should
be used in Eq. (33a). In the case where Hlp(w) is much narrower than Hz(w),
then Eq. (33b) can further be approximated by

$ ™ 2 . 2 dw
S ° © IHIp(Jw)I 27

ni (t) ~ (33c)

which matches the conventional discriminator results. However, if Hg(“) has
some overshoot at moderately low frequencies, then the parabolic noise spec-
trum may be emphasized by Hl(w) prior to the lowpass filtering and some
reduction in above-threshold output SNR could occur relative to a conventional
discriminator, even though a threshold improvement could still exist.

We will now illustrate our comments with some experimental results
involving a comparison of the output SNR capabilities of a standard FM discrim-
inator (STD), a conventional second-order loop (PLLZ) and a third-order loop
(PLLB). The modulating signal was a sinusoid having a frequency of 1 kc and
an index of 30 (wideband FM) and the IF bandpass and output lowpass filters had
effective bandwidths of 100 kc and 6 kc respectively. The PLL2 used a conven-
tional lag network for the loop filter with breakpoints at 238 cps and 9.7 k¢

respectively. The ideal PLL,, loop filter had the frequency response shown in

Fig. 5 and its practical realiz:;tion with nonideal differentiators only altered
this response below 20 cps. The resultant output SNR vs input SNR of the three
demodulators in question are shown in Fig. 6 and it is noted that the PLL3
yields the largest threshold improvement over the STD at the expense of some small
SNR degradation above threshold. This degradation is attributed to the low

frequency noise emphasis introduced by the PLL_ loop filter as a consequence

3
of its low frequency gain.

It should be well understood that the threshold improvements illustrated
in Fig. 6 are only characteristic of the wideband FM case treated. As the

modulation index is reduced, the PLL threshold occurs at a higher input SNR

14
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and the threshold improvement capabilities over the standard demodulator
eventually disappear. This effect is illustrated in Fig. 7, where the two sets
of curves correspond to modulation indices of 20 and 10 respectively. Since
the Apollo USB FM modes utilize modulation indices of 2.0 or less, it is clear
that the phase-locked demodulator can give no improvement over the conven-
tional frequency discriminator. The voice FM link again uses a low modulation

index so that here too no threshold improvement can be expected.

40 T T LR T T | LEBAI T T T T T 71777

30

) /\\

Gain in dB

-10
.1‘
-20
[ T I I Lo d 14 L1y
10 100 1000 10kc /s
R -2182

Frequency in c/s

Fig. 5 Ideal Frequency Response of the PLL_ Loop Filter,

3
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Fig. 7 Threshold Improvement vs Modulation Index (B.Gp = 5 ke).
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The previous sections have analyzed the phase transfer behavior of the

2.1.5 Conclusion

PLL system in the presence of a signal angle modulation. The phase transfer
model is in general nonlinear time-variant and becomes linear time-invariant
under high SNR, small phase error conditions. The equivalent phase noise
input to the linear model is in general statistically dependent onthe signal phase
tbs(t) and can be considered as independent when R‘bs (o) - R¢S (A) <<1, where A
is the effective correlation time of the additive baseband noise at the receiver
input. Under these conditions, the VCO phase noise output can be evaluated
from the equivalent phase transfer function resulting from the cascade of the IF
baseband transfer function and the PLL linear phase transfer function. Also,
the PLL demodulator will match the conventional discriminator performance
above-threshold as long as the output filter is sufficiently narrower than the
loop transfer function.

2.2 Acquisition Time for the Apollo Ranging Code

2.2.1 Introduction

The word error probabilities for communication with orthogonal codes
were obtained by Viterbil. In many practical binary communication systems,
an estimate of the phase of the received signal for bit synchronization is ob-
tained by using a coherent tracking device such as a phase-locked loop. The
bit phase reference thus obtained is noisy and the error probability will be
degraded. The acquisition time-error probability relationship of a coded
ranging system can be determined by using the word error probabilities derived
for communication systems. The Apollo unified S-band ranging system utilizes
a combination of subcodes to create the complete ranging code. Also, maximal
likelihood detection is used for the acquisition of each subcode. The subcodes
form ''very nearly orthogonal'' codes and little error is made in applying the
error probability results for orthogonal codes with maximum likelihood detec-
tion in the computation of these range code acquisition results. The procedure
of computing the acquisition time with a noisy clock and reference code will be

described in this chapter.

18
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2.2.2 Ranging System Model

For purposes of this analysis, the important part of the ranging equip-
ment is the range clock receiver illustrated in Fig. 8. The received code from
the sum channel receiver IF output appears as PM with 0.2 radian (currently)
deviation on the 10 Mc IF carrier. A 10 Mc reference frequency which is
in-phase with the carrier is biphase modulated with the locally generated code
from the decoder. The two modulated 10 Mc signals are combined in the
balanced detector, performing demodulation and multiplication of codes simul-
taneously. The received code contains a clock component which is not included
in the decoder output. Thus, when the codes match, only the clock will remain
at the detector output,containing the full signal power. The received code is
composed of four subcodes as well as the clock and is so arranged that a clock
component is available even when there is no correlation with any of the
decoder subcodes. Likewise the decoder output during each of the acquisition
steps will always maintain the clock output with clock level being an indication
of subcode correlation. The code structures, correlation levels, andreceived
code spectrum are discussed in detail in Chapter IV of the First and Chapter IV
of the Second Quarterly Progress Reports.

The clock loop locks to the clock component at the output of the clock
filter. The actual VCO arrangement involves the transmitted clock, whose
frequency can be varied over a small range, and effectively tunes the VCO to
the correct clock frequency, The VCO also drives the decoder through the
Code Clock Transfer Loop (CCTL), which is not actually a part of the Range
Clock Receiver but interfaces with it as shown. The various functions of the
CCTL will not all be described here. During code acquisition the CCTL is a
wideband phase-locked loop which faithfully reproduces its input, having a
negligible effect on the Range Clock Receiver.

The amplitude of the clock component is detected in the correlation
detector and the output goes to an A/D converter for a digital integration. The
acquisition assembly performs all the control and decision functions to produce
maximal likelihood ratio detection of the correct shift of each subcode,
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A more convenient model can be produced by making three simplifica-
tions to Fig. 8. This model appears in Fig. 9 and has a simple VCO in place
of the actual VCO structure. The CCTL has been replaced by the % phase shift
it introduces, and at the input the RF functions have been eliminated and only
the baseband code appears.

2.2.3 Error Probability Computation

The input signal is contaminated by additive white gaussian noise with
power density NO watts/cps (single-sided). The received code may be written
as d:Ar + N1 (t) where Nl(t) represents the input noise. The reference code,
at the input to the first product detector, has the form 1B with a time jitter
determined by the output of the clock loop. The product detector output con-
tains a clock component at radian frequency w with amplitude proportional to
the correlation of the subcodes or entire code. The clock BPF output is
%y Ar sin wt + N2 (t) where the noise N2 (t) is the product of input noise and
reference code, and will still be additive, white, and gaussian if the system
prior to the BPF is sufficiently wideband. 7 is a correlation factor. The con-
tribution of the reference code jitter is negligible in the BPF bandwidth if the
codes are uncorrelated, and it has been omitted,

The noise N2 (t) will have a phase noise component at the limiter output
as kQ sin [wt + $(t)]. This signal is tracked by the clock loop. If it isassumed
that the signal-to-noise ratio is such that the linear model of the loop is
applicable, then the output of the loop has the approximate form
2 sin (wt + $(t)) and $(t) = ¢ (t) ® h(t), where ® denotes convolution and h(t) is
the phase impulse response of the loop. 4)(t) is a gaussianly distributed random|

i d vari . NoBn The t p-3,2a2 ig
process Wlth a zZero mean ana variance O'b = 2P . e term = ”27 r

the received clock power and Brl is the noise bandwidth (two-sided) of the clock

phase-locked loop.

In the correlation detector we form the product

p(t) = [i‘wz A_sinwt+N (0] 2 sin [ut+§(t)] (34)
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Fig. 9 Clock Receiver Model.

The second harmonic term disappears after passing through the integrator pro-
T

2nTy

per word (log2 of the subcode length in code bits) and Tb is the time for receiv-

vided that w is a multiple of » where n is the number of information bits
ing one information bit, or that the integration time is reasonably long. Thus,

we have the output of the integrator,

ilnzAr cos ¢(t) + N(t) = A cos $(t) + N(t) (35)

where it is assumed that $(t) is relatively constant during the Tb seconds that
a bit is received. To simplify the analysis the signal output will be treated as
A cos ¢(t), while in the final answer the true signal is A only. In the analysis
of error probabilities we shall pretend that we have 21 parallel receivers

each of whose decoders is set to a different code shift. Assume that the vari-

ance of the output noise of any correlator is 02. For a set of 2" code words
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(which approximates 2™-1 possible code shifts), the probability that the cor-
rect one will be chosen (correct acquisition) for a given phase angle $(t) can
be written as an integral over the product of the probability densities of each
correlator output

-2 /2%) [
P(C/4) - f°° exp [-(x-A cos §(t) /27 [*e dy dx  (36)

J27 o -0 7o

The average probability of correct decision, assuming that ¢ is gaussian with

. 2 .
zero mean and variance g, , is

-(z /20 ) ) 2ad) on_
P(C) = J‘°° ¢ J«°° exp[-(x-Acosz)”/20" ] dz[[xe .Y—/- o dy] -
h «/704, - Jeng Yo 2710
(37)

It is desired to obtain the average error probability as a function of signal-to-

noise ratio in the clock loop. If the signal-to-noise ratio of the clock loop is
1 2

sufficiently large so that cosz ~ 1 - 5 z ,
- 2 24
o jwe(z/ °4>) f [2%A(x- A)+ A%*)/20° e-(x—A)2/2o-2
P = —_— e dz
Yo “/2‘”04) Yoo J2T o
0208 7271
[JF e dy] dx  (38)
Yo 210
Let

. [2%A(x-A) + i a%% /202
f(z7) =

Expanding f(z2) around 22 in a Taylor series, we have

23"1_—
f(z)‘f(z)+(z—z)f (z )+—(Z -Z) f( )+"( z) f (Z)“‘

which has the expected value

23
ADVANCED COMMUNICATIONS +* RESEARCH AND DEVELOPMENT




A%OM
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E[1(z9)] = #(2%) + (2921 (z2) + 2@ L

2 3
using the property of the gaussian distribution that z4 = 3(z2) and 26 = 15(22) .

Substituting the derivatives

— — 2 —
204 _ o2 22, A 1 1,222
E[f(z )] = £f(z°) §1+(z ) [-—402 +—404 (A(x-A)+2A z") ]
s 4,278 3—*”‘2(A( ay+1a2,2) 1 a -A)+1A2_2>3]+ s
3 Z 80-4 X 2 Z 80.6 X 9 Z PR

2 2 1 . . . .
where z~ = 04) = 2(SNR)C£ is one-half the noise-to-signal ratio of the clock

loop. The expectation of the terms in the bracket with respect to x (gaussian

probability distribution with mean A and variance 02) is

4 — 6
4
(zz) -

1+
1604 48¢5

which is very close to 1 if zz <L The ratio A can be restricted to a min-

Alg® o
imum of around 5 to 6 for the lunar ranging code and error rate of 10 3. A

clock loop signal-to-noi_se ratio (SNR)C,Q = 2—% 2 3 should allow the replace-
ment of E[f(zz)] by £(z2). If more terms are taken in the series expansion
of cosz, it can be shown that the minimum (SNR)CE can be smaller and the
approximation still holds. By using this approximation, the probability of

correct decision can be written as

w €xp -(x-A+ %01)2/202 x e-(yz/zoz) 2"-1

P(C)%j I e dx (39)
0 J2rao o WiTO
which can also be written as
2 A 1 2 2n-1
-(u/2) u+=N1-—=————1 -(w7/2)
P(C) = fco e——/— [ [ g [ 4(SNR)C‘Q ] e—.._L— dw] du

-00 A/zl—” ‘lw ,\/217

(40)
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2nPTy 8'}’2 9
where i ( N ) and the clock power P = —— S where S = Ar’ the
o]

2
T
total received signal power,

The probability that a word is in error (subcode has been acquired in-

correctly),
P(E) = 1 - P(C)

is plotted in Fig. 10 for various values of n and signal-to-noise ratio of the
clock loop as a function of energy per information bit-to-noise density ratio.
The effective energy-to-noise density ratio is reduced by a factor of

(1 --4(8—131{)-&?. The signal-to-noise ratio of the clock loop is related to the
clock signal-to-noise density ratio by the curves shown in Fig. 11 as a function
of clock loop threshold noise-bandwidth. For a given signal-to-noise density
ratio of the received code, the specified error rate and the length of each
subcode in bits, the required time to acquire each subcode can be obtained

from Fig. 10. The integration time per information bit, T, , is multiplied by

the number of information bits in the subcode (logzp wherebthe subcode is
p code bits in length) to give the integration time per word, or per trial corre-
lation. The integrations are performed sequentially so that the integration
time for one trial correlation must be multiplied by the number of code bits
in the subcode. Finally, the curves in Fig. 10 are based on a clock power of
P/')’z, so the integration times must be multiplied by 72.

As an example, for the lunar ranging code assume a code power
S = -142 dBm, noise power density N, = -174 dBm/cycle and threshold clock
loop noise-bandwidth of 4 c/s. In a previous report3, it has been established
that the magnitude of the correlation output changes by 25% when a subcode is
acquired, i.e., AY = 1/4. We may use ¥ = 1/4 if the clock SNR is correctly
evaluated. From Fig. 11 the initial signal-to-noise ratio of the clock loop is
obtained as 5. The required error probability is held to be constant at 10-3.

The subcodes have lengths p = 11, 31, 63, and 127 code bits with corresponding
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values of n = logzp = 3.5, 5, 6, and 7 information bits. The integration times
per information bit may be determined from Fig. 10 as 4.60, 3.28, 3.02, and
2
2.74 milliseconds respectively (not yet corrected by ¥ ). There are fixed
delays associated with the ranging system which total 1.59 second. Then the
total code acquisition time is
) 4
T =- ) pnT_ + 1.59 = 69.0 sec.
aq .),2 2yt bi

A plot of total acquisition time (seconds) vs code power-to-noise den-
sity ratio (dB-.cps) is shown in Fig, 12 for the three clock loop threshold band-
widths: Bn,, = 4, 16, and 40 c/s.

T
2.2.4 Alternate Analysis

If the integration time may not be exactly the same as the time for
receiving an information bit, a more general analysis is desirable. Only the
low-frequency component at the output of the integrator will be considered, as
the integrator functions as a lowpass filtering device, Thus, the output of the

correlator is

bl

;
q(T) = f A cos $(t) dt (41)
O

plus an additive noise term, which is assumed to be uncorrelated with q(t).
T is the integration time.

As ¢(t) is usually small for the loop signal-to-noise ratio of interest,
we have approximately, cos ¢(t) ~1 - %d)z(t), whose autocorrelation function

is

1,2 1,2 2 1 2
EM-5 67t N1-3 $7(1,0] = 1-E[$7 (0] + T E [(d(t)) d(t, )] (42)

The variance of q() can be written, using the expansion for cosé(t), as
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2 2
2 1 T 2 2 2y\_1 A pr T oy pl
0y 1 3 E([J ($7(1) - E($(1) dt] )—4 5 J _f [R ,(t, -t) R¢(O)] dt, dt,
T o ™% "o ¢
LAY e e - R Nt (43)
_2¢2 JO T-t) [R , (b(o] t
where?

2 2
R Z(t) = R(b(o) + 2R¢(t)

¢

Thus, the variance of q(7) is

2
02 = % A_z J“T('r—t)J‘ G 2(f) cos wt df dtzl_ J‘ G (f)[l—cosm] gt
’ ' © o ¢ 21 o 2 w?
2 . )
Al ® 3% l-cosTS
= —_—— - G (S')G (S_Sl ds’ [__—] d
T2 2T e 27 Ijoo $) B3 o2 S (44)

To compute Gd)(S), we note that the autocorrelation function R‘b()\)
is given by

Rd)(x) = Ef(p(u)® h(u)) )& h@)))]

- Jf'oo u[°° E [4(u-t,)w(u-t,)] hit))h(t,) dt dt,

O O

and thus
N

2 2
Gy (S) = |H(S)| G,(S) - | H(S)| 2—P° | (45)

If a perfect clock reference is used, the variance at the output of

the correlator can easily be shown as —2—:_) . The additional variance at the
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output of the correlator due to the noisy clock depends on the tracking loop

used and is given by

. 2 . N

1 jo A 1 1o 22 iy 02 ar ( o>2 , | l-cosTS

27er 2 2m ) HSIHAS'-S\5p) dS y | 95 (46)
~jeo T -joo S

B B
If we assume that H2(S) has magnitude of unity over -j —295 S< j7n

and zero elsewhere, then the convolution integral,

1

_1. R H2(S')H2(S'—S) ds!
27) ) .
=Jeo

B, -|s] -jB_ =8=jB_

= 0 elsewhere

To evaluate Eq. (46), we further assume that BnT >27 and that the majority

1 j -
of the area — [ [M

}dS - L is in the region -jB <S<jB .
2 n n

!
2] *joo S2
We also note that P = A2, Under such conditions, Eq. (46) can be
. . No <N0Bn
approximated fairly well by i op /'

The overall variance normalized by the input code power istherefore

N N N N
_1_ [__O + -9 1 ] = o [1 + 1 ] ~ Q 1 5
2 L3t "3r BNR) o A2 26NR) 1% " 2, 1
A% ) < ct  27A° ¢ " (SNR)cﬂ)
47)

by using the binomial expansion,
This result agrees with that of Section 2. 2. 3 in which the effective
2
energy-to-noise density ratio is reduced by a factor of (1 - ZTSI\IT—R)——) for
ch

sufficiently large clock loop signal-to-noise ratios.
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2.3 Interference with the Phase-Locked Carrier Loop

2.3.1 Introduction

Several types of interference can occur in an MSFN PM receiver
when LEM and CSM are being received simultaneously and both are operating
in PM modes.

High-order modulation sidebands from one RF signal can overlap
first-order sidebands or the carrier of the other RF signal. These sidebands
occur at all multiples and sums and differences of multiples of the modulation
frequencies. Fortunately the amplitudes of these components decrease rapidly
as their order increases. If doppler shifts on the LEM and CSM signals are
nearly the same the only overlap of frequency components will occur with third-
and fourth-order voice sidebands. Telemetry sidebands will not overlap any
important regions, while the ranging sidebands will not cause significant
interference and will be ignored.

To illustrate the voice sideband interference, the LEM and CSM PM
downlink carrier frequencies are separated by 5 Mc. The voice subcarrier
has a frequency of 1,25 Mc, whose fourth harmonic is 5 Mc, so that the
LEM upper fourth-order voice sideband will fall on the CSM carrier and the
CSM lower fourth-order voice sideband will fall on the LEM carrier, Similarly
each signal's third-order voice sidebands will fall on the other's first-order
voice sidebands., The relative amplitudes of desired signal and interference
can be determined assuming any difference in received RF signal powers is
known and the phase deviations of the modulation on the carrier are known,
Assuming a peak voice deviation of 0.7 radian and a peak telemetry deviation of
1.3 radian the sideband levels relative to the carrier can be computed. Thus
for the voice sidebands

first-order voice sideband _ J1(0'7)

carrier B Jo(0.7) or -8.55 dB
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second-order -23.51 dB
third-order -42.1 dB
fourth-order -63 dB
fifth-order -87 dB

and for the telemetry

first-order telemetry sideband J1(1'3)

carrier - Jo(l.3) ©

r -1.50 dB

fifth-order -57 dB

If the two RF signals are of equal strength the voice interference-to-carrier
(I/ C) ratio will be -63 dB if there is no voice modulation on the voice subcar-
rier, and much less when modulation is present because the modulated
subcarrier occupies a bandwidth of either 20 kc or 35 kc while the carrier
loop bandwidth is much narrower so that most of this interference will be
filtered out. For unequal signal strengths the I/ C ratio will be altered by the
difference in levels, so that for a difference in received signals of 30 dB the
weaker will suffer an I/ C ratio of -33 dB. This interference is not excessive
and when voice modulation spreads the frequency spectrum of the subcarrier,
this source of interference can be neglected.

For equal strength signals the third-order voice interference-to-voice
(I/ V) ratio will be -33.5 dB. This is interference to one first-order voice
sideband. The other first-order voice sideband will see virtually no interfer-
ence (actually there is a fifth-order voice interference at -78.5 dB) so that the
folding of voice sidebands during carrier demodulation will reduce the effective
I/V ratio by 6 dB to -39.5 dB. The limiter at the input of the voice subcarrier
demodulator will reduce this ratio up to 6 dB more. Here it would require a
difference in levels of 30 dB or greater to cause noticeable voice interference.

With different doppler shifts on the two RF signals one possible

telemetry interference must be noted. The fifth-order telemetry sideband
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falls 120 kc from the other RF carrier and certain doppler conditions could
make them overlap. However, the resultant I/C ratio for equal RF levels is
-57 dB which is only slightly stronger than the voice interference previously
discussed, and the same arguments apply to reject this as a serious mode of
interference.

As a more subtle type of interference, a case of direct interference
in the carrier loop will be hypothesized. The LEM and CSM PM downlink
frequencies are separated by 5 Mc. If two carriers separated by 5 Mc appear
at the input to the second mixer in the MSFN receiver (50 Mc converted to
10 Mc), one of the possible outputs is the 5 Mc difference frequencyandanother
is its second harmonic, which falls at 10 Mc. This component, if sufficiently
large, can cause direct interference with the desired signal. The problem
would probably be worst during acquisition, although the phase errors after
acquisition might also cause trouble. It is this second effect which is analyzed
in the following sections.

It is well-known that, in the absence of undesired interference signals,
near optimum performance of a second-order phase-locked loop (PLL) over a
wide range of input signal and noise levels is possible if a bandpass limiter is
used in front of the loop. 4.5 The loop performance and the conditions for the
loop to stay in lock have been investigated. 6 With the presence of interference,
it is necessary thatthe PLL will stayinlock and perform adequate tracking ofthe
desired signal instead of the interference. The performance ofthe PLL, measured
as the mean-square error between the signal input and loop VCO output, is
examined in this section. This error is related to the condition for the loop
to stay in lock. It is assumed that the loop is adequately describedbyalinear

phase transfer model before it loses lock. Figure 13 illustrates the schematic
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Fig. 13 Simplified PM Receiver.

diagram under consideration where eS(t), eI(t) and N(t) denote signal, interfer-
ence and noise at the bandpass limiter input. In Sec. 2. 3.2, an estimate of the
upper bound of the mean-square error is derived and the conditions for the loop
to remain in lock are then obtained. For large input signal-to-noise ratios,
(S/N)i 2 20 dB say, such mean-square error can be computed analytically, For
smaller input signal-to-noise ratios a graphical solution is necessary. The root
mean-square phase error estimate is plotted as a function of input signal-to-
noise ratio for various input interference-to-signal power ratios. In Sec. 2.3.3
the effect of signal suppression is discussed.

2.3.2 System Performance Analysis

Let the input signal, interference and VCO output be denoted respec-

tively by
eg (t) = A/ﬁs sin (st + $g(t)) (48a)
e ()= Jz_sI sin (ot + (1)) (48b)
e, (t) = /2 cos (ut + ¢, (1) (48¢)

where SS and SI are input signal and interference powers respectively. The
noise N(t) is assumed to be narrowband white gaussian with power N at the band-
pass limiter (BPL) input. The subscript o will be used to denote the BPL output
quantities. 32 = SI/SS is the ratio of input interference-to-signal power. SSI and

SIS are intermodulation terms of frequencies 2ws - o and 2wI - wg respectively,
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The loop is assumed to be initially locked to the desired signal and the
interference is allowed to come within the pull-in range of the loop; thus We

WA . The power out of the bandpass filter with center frequency w, which

follows the limiter, is equal to the power of the first harmonic in a Fourier
series expansion of a rectangular waveform which has its peak-to-peak ampli-
tude determined by the limiter (i.e., 2). Thus,the power in the first zone of
the output is 8/7r2. Phase expressions prove far too cumbersome tobe useful.

Therefore, the analysis will be conducted in the time domain. If the input of

the BPL is written as
e, (t) = ./2ss sin [wt + 4)5(1;)] +a A/zss sin [wt + 4>I(t)] +N(t) (49)

then the output of the BPL consists of the following significant terms
4Y , . . .
— { sin[wt+ cbs(t)] + (SI/SS)0 sin [wt+ 4>I(t)] + ./ (SSI/SS)0 sin [wt+ 24)S(t) - 4)1(1:)]

+./(sIS/SS)O sin [wt - g () + 24, (B ]} +N_(t) sinwt (50)

where -y2 is the fraction of signal power in the total limiter output. The initial

factor

2. /35
4 SO

For notational convenience, let

J6/8g), = 1, ./(SSI/SS)O = g A/(SIS/SS)O = h

where f, g, h are functions of signal-to-noise ratio as well as interference-to -

signal power ratio at the BPL input. Also, let
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4>S(t) - d)o(t) = bes(t)

br(®) - $, 1) = Logt) - § (0 T+ Lby(t) - b () = ¢es (t) + ¢ (1)

Assume 4>es(t) tobe small such that sin ées(t) ~ bes(t), cos {)eS(t) ~ 1. The out-

put of the phase detector, neglecting the second harmonic terms, canbe written as

4 . . .
e () %;ﬁ {sm cbes(t) +f sin [¢es<t) +¢ (0] +¢g sin [¢es(t) - 4 (1)]

No(t)
M2

Thein (2,0 1§, O] - 2 sing,® (5
S

O > 2 o

~ 7 14>es(t) [1+(f+g) cos 4>u(t)+ h cos 24>u(t)]+(f g) sin bu(t)

L N
+ h sin 24>u(t) . - 7 sin ¢>o(t)

The values of the coefficients are such that h cos 2t|>u(t) << (f+g) cos {)u(t); thus

4y f-g .
el =% 1+ (t+g) cos bu(t>1{4>es(t> ey woRE A
h . T .
* I7(7g) cos bu(t) sin 24>u(t)f N, (t) sin 4>O(t) (52)

By observing Figs.2, 3 and 4 of Ref. 4, we note that f+g< 1 except when a— 1,

(S/N)i-' . Also |cos ¢u(t)| < 1, so the following expansion is appropriate

1 ~ 2 2
1+ (i+g) cos bu M ~ 1 - (t*g) cos bu(t) + (f+g)” cos d)u(t)

37
ADVANCED COMMUNICATIONS + RESEARCH AND DEVELOPMENT




AD oM

Thus,

4 1
ed(t) z;/% [1+ (f+g) cos ¢>u(t)] {¢es(t) +[f-g- -2-h (f+g)

+ @R € - g)1sin g 0+ Ih- 26" - ) +1nierg  Isin2p 0

1 2 2 1 . 1 2 . .
+[Z (f+g) (f" - g") - Eh(f+g)] sin 34)u(t) +Zh(f+g) sin 4¢)u(t)}

- N_ (t) sin §_(t) (53)

We can consider the factor y[1+(f+g) cos $,(t)] as a phase detector gain,
so that the equivalent phase transfer model of theloop has a constant-plus-time-
varying gain. Consider the case of both the signal and interference having
constant doppler shift upon them. As a first-order approximation, we have
bu(t) = Q(t). The time-varying part of the gain will have an effect which de-
creases as its frequency falls outside the passband of the loop transfer function.
Thus, although the gain variation is an amplitude rather than a phase variation,
its contribution to interference can be approximated in the following way. Let
the equivalent phase transfer model be considered as a superposition of two
phase transfer models with the same closed loop transfer function H(s) as
determined by the gainKy with the second transfer function magnitude scaled
by (f+g). The time-varying gain has been replaced by a constant gain with all
phase quantities multiplied by cos §it.

The mean-square error due to interference can be written as

1 A% 2
€ =5 |H(s)|“® (s) ds (54)
u ] u_jw u
where Qu(s) is the power spectral density of the undesired inputs (sin t, sin

2Qt, etc., terms). Thus, i’u (s) consists of pairs of impulse functions
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locatedat w =1+ Q, + 20, + 3Q, etc. If we multiply the transfer function H(s)
by (f+g) and denote the new transfer function by H' (s), the mean-square error

due to interference, to a good approximation, is given by

2 = 2 lt-g - Thitrg) + 2evg) @ - ¢D12 |HGR)|?

1 1 2
+—2-[h _E(f - g2) +%h (f+g)2]2 |H(j20)|2

2 i) + 1) (- 6492 (g ) ?
+glh- 56~ g+ 5 e’ | |2

+%[(f— g) - h (f+g) +%(f+g) (f2 - g2)12 |H' (j2 Q)|2

+-;-[h - %(f2 - gz) +%h(f+g)2]2 |H'(j3 n)l2 (55)

which can be computed for any specified frequency offset Q. For a second-order
loop, the damping ratio is usually in the range of 0.5 to 1.5 and | H(s)|= J2,
|H'(s)|< (f+g) /2 holds. An upper bound of the estimate of root mean-square

error can be written as

¢, = {10 @ - Th(eg) +3 (t+g) (15912 + 1142 00+9)% 1 - L (2= gP)+ T nr+g)® 12

+% hitrg) - Serg) 12912+ 2 (1490 [(1-) - hiivg)

1 2 2..2,1/2 )
Liaeg @2 ghH Y (56)
We will compute the root mean-square error for large input signal-to-
noise ratio as well as medium input signal-to-noise ratio. Before doing this,

the condition for the loop to stay in lock will be briefly discussed.
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The threshold condition that the loop will stay in lock in the presence of
noise has been examined by a number of authors (e.g., Refs. 6,8 and9) and
no unique solution has been obtained so far. Inthe presence of bothinterference
and noise, it is noted that when the signal and interference beat heavily upon
each other, the noise temporarily controls the limiter and contributes heavily to
the noise output of the BPL. It is necessary that the ratio[ (SS)O -(SI)OJ/NO be
greater than 4.5 dB 9 such that with high probability the loop will remain in lock.

Forlarge input signal-to-noise ratio, i. e., (S/N)i2 20 dB say, and a2 <1,
the power output of the BPL due to input signal, interference and the intermodu-

lation terms can be written as

_ 8 1 1., .2
(Ss)o' 2 [,F, G -3 La’]

2
2a 11 2.,2
28.2 3 1 2. -2
(SSI>0= 1’—2[2F1(§, gy 2;a")]
1 4 3 1 2. .2
(Sls)o' 6r2 a” [F, (5 353 a)]

where 2F1 (a,b;c;x) is the gaussian hypergeometric function defined by

Fl (a, b:c;x) E Ii+a) T +b) Ic) x
i=0

2 Ili + c)l'(a) T'(b) i!
. .2 x  a@+t1) bb+1) <,
B c 1! clc+1) 2!
and I' () is the gamma function.
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Thus
S 2
<§l> = fz = aT(l +0.375 a2 +0.188 a4 +0.107 a6+ .. )2 (57a)
S/o
S 2
Sl gz =2 (1- 0.125a% - 0.062a% - 0.0352°%+ e )2 (57b)
S 4
S’o
S 4
IS =h2=a—(1 +0.5az+0.29a4+...)2 (57c)
SS 64

Also, the output signal-to-noise ratio is related to the input signal-to-noise

ratio by 7

SY - k(S
() = k@ ();
where k(a) is a constant depending on a only.
Setting (Ss/N)j = 100, we obtain the corresponding interference-to-signal
power ratio a2 = 0.92. For larger input signal-to-noise ratios,the allowable a

would be larger for the same locking condition in the loop. The root mean-
square phase error estimate for this case is computed as 0.3 rad ora peak phase
error of 0.3./2 (180°/7) = 24.5°.

The above discussion has been limited to a2 <1l. As a2 = 1, the inter-
modulation terms become more significant and the above computation appears
less accurate. Therefore, forlarge input signal-to-noise ratios, viz. (S/N);2 100,
it is required that the interference-o-signal power ratio at the input of the BPL
should be less than 0.92 and the corresponding maximum phase error due to
interference will be 24. 5°.

For medium or small signal-to-noise ratios, the BPL output powers due
to signal, interference and intermodulation terms are functions of (SS/N)i.
Except for large (S/N)i’ h is small and the estimate of phase error given by

Eq. (56) takes the approximate form
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€ ~ —;5— (f - g [2 + (f+g)° (58)
which is plotted in Fig. 14 as a function of (S/N); for various values of a2. The
discrepancy betweenthe root mean-square phase error computed from Eqgs. (56)
and(58)at large (S/N)j is duetothe intermodulationterms. As(S/N); decreases,
the intermodulation terms fall off rapidly and Eq. (58) becomes more accurate.

For (SS/N)1= 4, the condition for the loop to remain in lock results in
a2= 0. 4 and the corresponding phase error estimate is obtained from Fig.14 as
Eu = 0.32 rad or 26° peak phase error.
2.

3.3 Signal Suppression Factor

The effect of sighal suppression in the presence of interference is denoted

by a signal suppression factor « over the fundamental band defined as

2_ actual signal power output of BPL. _ (SS>0
@« total power output of BPL B (SS)0+(SI)0+(SSI>0 +(SIS)0+ e +(N)O
1

(59)

(Gl b G

S/o I/0 S/o

Figure 15 isaplot of the signal suppression factor vs the input signal-to-
noise ratio withinterference-to-signal power as a parameter. A signal-to-noise
ratio 0 dB is defined as the threshold signal-to-noise ratio. The corresponding
signal suppression factor ag is denoted as the threshold signal suppression fac-
tor. When the loop operates above threshold the damping ratio, natural fre-
quency and bandwidth of the loop are modified by the ratio o/ o, in exactly the
same manner as in the no interference case, although the ratio af a, varies with

(S/N); differently. It is noted that the loop performs closely as a linear model

when it operates above threshold.
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2.3.4 Conclusion

The performance of a phase-locked loop in the presence of both interfer-
ence and noise was analyzedby using the linear phase transfer model of the loop.
The mean-square phase error is related to the condition for the loop to remain
in lock. As expected, the interference degrades the system performance and
only a small phase error is allowed; thus, the linear model is a good approxi-
mation for performance analysis. The effect of interference rejection of a
bandpass limiter preceding the loop has been examined by obtaining a good
estimate of root mean-square phase error and signal suppression factor. A
more exact study of the loop performance inthepresence of interference requires
a nonlinear analysis of the loop operation.

To apply these results to the MSFN receiver and our hypothetical case
of interference, we note that the two RF carriers must have very nearly equal
doppler shifts to maintain the 5 Mc difference frequency so that the interfering
signal will fall within the IF crystal filter and PLL passbands. The rejection
of the interference will occur in two places, (1) the 50 Mc IF amplifier will
filter the unwanted carrier and (2) the mixer will provide more gain to the
desired output than to the second harmonic of the difference frequency. If the
sum of these rejections amounts to 50 dB or more, the interference should be
tolerable. This estimate is based on the exaggerated figure of ''unwanted'
carrier 30 dB higher than desired carrier and allowable loop input S/I ratio of
20 dB (a2 = 0.01) taken as a reasonable low (SNR)in value from Fig. 14.

Although acquisition by the carrier loop was not analyzed here, a com-
ment is in order. Our hypothetical interference could capture the loop during
acquisition if the doppler shifts on the RF carriers were enough different that
interference and signal do not both pass through the crystal filter or at least do
not both fall within the loop passband. In this case no interference will occur

once correct acquisition is attained.
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Chapter III

PROGRAM FOR NEXT INTERVAL

1. Analyze in detail the performance of the telemetry link
in the Apollo USB system considering the three different

bit rates which are being implemented.

2. Study the down-voice and biomedical subcarrier link for
the different signal structures being proposed for use on
LEM and on CSM. Determine which of these signals gives

the better performance.

3. Study the operation of the ranging system. Determine the
ways in which range errors can occur and the magnitudes

to be expected.
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